Models of Pooni et al. (1992) were employed to investigate the genetic control of amylose content in 10 rice crosses produced by the pairwise crossing of five varieties representing almost the whole range of amylose levels from 0 to 28 per cent. Analyses of the first-degree statistics revealed an important role of the additive and the dominance effects in determining the genetic variability in all the crosses. Epistasis and cytoplasmic effects were also observed to contribute significantly to the variability among the generation means of most crosses. Dominance was generally towards the higher score and its effects were enhanced by a complementary dominance x dominance interaction in several sets of basic generations.
Introduction
Amylose content determines the cooking quality of rice. It is known to vary from virtually 0 to about 30 per cent in the cultivars around the world. Unlike other cereals, people of various regions prefer to eat certain types of rice (Kumar & Khush, 1987) . This obviously means that precise levels of amylose have to be bred into new varieties to satisfy local preferences.
Transmission of amylose content, on the other hand, is very complex indeed. It is stored in the endosperm which is a triploid tissue. Consequently, the standard diploid models of biometrical genetics cannot be applied effectively to study its genetic control. Pooni et al. (1992) have recently proposed a comprehensive set of models for triploid tissues which deal specifically with the inheritance of traits such as amylose content. In this paper we use these models to investigate the genetic control of amylose content in a set of crosses which were produced by the pairwise crossing of a stratified sample of varieties representing all the major amylose groups.
Materials and methods
Materials for the present study consisted of the parental, F1(P1 x P2), RF1(P2 x P1), F2(F1 selfed), RF2(RF1 selfed), B1(F1 xP1), RB1(RF1 xP1), B7(F1 xP7) and RB2(RF1 xP2) generations derived from 10 crosses involving the following rice varieties. The varieties were initially tested for genetic uniformity and then self/cross-pollinated in all possible pairwise combinations to produce five selfed and 20 F1 families. Individuals of these F1 s, and parental selfs, were grown at IRRI during 1985 (dry season) and self/cross-pollinated to obtain the F2 and the backcross generations. Fresh seeds of the parental lines and the F1 hybrids were also produced to minimize the environmental and seed age differences among various seed lots. The seeds obtained were dehulled in a Satake machine and individually milled in a test tube mill. Single-grain analysis for amylose content was performed (in 20 randomly sampled seeds of each parental and F1 family, about 400 seeds of each F, generation and between 60 and 100 seeds of various hackcross generations, following Juliano (1971) .
Analysis and results (i) Generation means and reciprocal differences
Generation means, their standard errors and the t values determining the significance of differences between the parents and the reciprocal families of F1, F2. B1 and B, generations are presented in Table 1 . The results indicate that all the parents differ significantly from each other for amylose content. Significant differences are also detected between the F1 and RF1 families of all the crosses except BPI X 1R29, indicating either the presence of maternal effects or the impact of gene dosage or both. Reciprocals of the F2 and the B generations. on the other hand, differ significantly on only 14 out of 20 occasions, which suggests that these differences are generally less pronounced than those displayed by the F1 and the RE1 families of various crosses.
The B, generation, however, contrasts with the rest in that differences between its reciprocals are nonsignificant in all the crosses except BPI x 1R307 and 1R8 x HPI.
f'lli Test of cytoplasmic effects
According to the models of Pooni eta!. (1992) , differences between the reciprocals of F,, B and B2 generations in the present study can only be attributed to the cytoplasmic (denoted by cl) effects. Furthermore, these differences are expected to remain constant as long as there is flO differential interaction between maternal cytoplasms and nuclear genes. We test this assumption by fitting a single [c] parameter to F, -RF, B1 -RB1
and B1 -RB2 values by the weighted least squares procedure (see Mather & Jinks, 1982 
(iv) Components of generation means
Results of the above tests were used to determine the parameters of the model which was most likely to fit the data of a particular cross. Pooni et al. (1992) The models were fitted by the weighted least-squares procedures of Cavalli (1952) and Mather & Jmks (1982) . Models that had (a) all the parameters signifi- 1R8 xBPI -1.09± 0.10
[C] is highly significant (**) except when marked ns.
P> 0.05; = 0.05 P> 0.01; =0.01 P> 0.001; =P 0.001, Table 2 for probability levels.
1:All estimates are highly significant (**).
cant, (b) allowed maximum degrees of freedom for the x2 of goodness of fit and (c) had the x2 values nonsignificant were considered adequate. The estimates of various components obtained from such models and the corresponding x2 values are tabulated for various crosses in Table 4 .
(v) Comparisons of within family variances
According to Perkins & Jinks (1970) , the within family variances of P1 and P2 generations can differ either due to the differential effects of the scale or due to significant differences in the micro-environmental sensitivities of the parental genotypes. Variances of F1, F2, B1 and B2 generations, on the other hand, are not expected to display any reciprocal differences except when they are differentially affected by the maternal factors (Pooni etal., 1992) . One-tailed variance ratios presented in Table 5 show that the parental variances differ significantly from one another in all cases except in cross 1R8 X 1R24. Differences between the variances of reciprocal families are also significant on 11 out of 40 occasions. Clearly, the frequency of these significances is much higher than the mandatory 5 per cent which is expected in theory. However, all except three of these differences attain a marginal significance (at the 5 per cent level) and therefore need not be considered important. Thus the variances of reciprocal families were treated as 274 H. S. POONI ETAL.
homogeneous for further analysis and their pooled Pooni et at. (1992) and Perkins & Jinks (1970) these values are presented in Table 6 with the variances of components must be D, F', F", E1, E2 and E3. the parental families.
When each genetic component is significant and Hayman (1960) . Contributions of possible to estimate six components. According to these parameters to various generations are provided 
1.l9ns
See Table 2 for probability levels. were determined by adding the coefficients of those parameters which they replaced. For example, E,, E2 values determining the goodness of fit of the models for various crosses are presented in Table 7 . It is apparent from the comparisons of within family variances that E, = E2 in one cross (cross 1R8 x 1R24) only. Comparisons of the F1 and parental variances further revealed that E3 was also equal to E1 and E2 in this case. E3 was also found to be equal to E1 or E2 in five other crosses. In these cases therefore there was no need to allocate three separate environmental parameters and their numbers were reduced to 1 and 2 respectively for model fitting. Furthermore, contribu- The efficiency of the new model can be easily compared with the already existing additive/dominance or digenic interaction model based on disomic inheritance/expression by applying both models to the same data and comparing their x2 of goodness of fit. When 124.9*** 1 tCalculated as the difference between column 4 above and the x2values given in Table 4 . See Table 2 for probability levels.
the x2 take different degrees of freedom then the difference can be calculated and its significance tested in the usual manner. Otherwise, the model with a lower x2
valuemust be considered the more efficient.
The models were compared both at means and [1] parameters. However, to keep parity between the two models these parameters were added to the model only when the corresponding [ij, [fj1 and/or [J}2 and [1] parameters of the new model were observed to be significant (in Table 4 ). The results presented in Table   8 show that the new model explains a significantly higher level of genetic variability than the disomic model in nine out of 10 crosses.
A similar procedure was followed to compare the models at variance level. Parameters D, F' and F" of the new model were replaced by D and F of the disomic additive/dominance model of Mather & Jinks (1982) while E1, E2 and E3 were retained as such. x2 values determining the goodness of fit of the disomic model and differences between these and the corresponding values given in Table 7 are tabulated in Table  9 .
Once again the new model seems to explain a significantly higher level of genetic variation in eight crosses. Furthermore, in four cases this improvement has been largely due to a change of model as the two models have the same number of parameters.
(viii) Parental diversity and genetic variability When parents differ at several loci, the gene effects are more or less equal and the allelic frequencies are in equilibrium, genetic variability displayed by a random set of crosses is not expected to correlate critically with the deviations between the parental lines. Failure of one or more of the above conditions, however, can lead to a significant association between parental diversity and genetic variability in the crosses. In the present study the parental lines stratify virtually the whole range of amylose levels from 0 to 28 per cent. Furthermore, the inheritance of amylose is known to be controlled by genes with unequal effects and a single QTL located on chromosome 6 is assumed to control most of the variability displayed by the trait (Kumar & Khush, 1986 , 1988 . Therefore, a correlation between parental diversity and genetic variability is expected to be high among these crosses. were calculated and their significance tested using were counted and their highest and lowest scores noted for the F2, B1 and B2 generations of various crosses.
The results of Table 10 show that the numbers of these individuals differ not only between crosses but also between generations and between categories (>P1 and <P2). While the observed transgression in the crosses between 1R8, BPI, 1R24 and 1R307 can be explained by invoking gene dispersion between the parental lines, interpretation of the results of the crosses involving 1R29, however, is not so straightforward. These results are discussed in detail in the next section.
Interpretation and conclusion (i) Gene action
The F1 of various crosses show significant heterosis on three occasions (see Table 1 ). However, on each occasion only one of the reciprocal F1s outperforms the P1 while the other does not. This suggests that reciprocal effects play an important role in determining the overall level of hybrid vigour displayed by these crosses. Reciprocal differences are also significant in nine crosses and cytoplasm is the main source of these deviations. It is further possible that some of these differences are caused by the delayed maternal effects and/or differential interaction between the cytoplasm and the nuclear genes (see Table 2 and Pooni et al., 1987) . Table 3 confirms the widespread occurrence of epistasis. All three types, namely additive X additive, additive X dominance and dominance X dominance interactions are detected and each cross shows some significant interaction. Nevertheless, the inheritance of amylose content seems to be rather simple in the is highly significant throughout and components F' and/or F" are detected in all the crosses (see Table 7 ).
As the latter components represent the cross products between the additive (d1) and the dominance effects (h1 and h2) of various loci, their significance clearly indicates the presence of dominance variation. Strong association between the variance components (D, F'
and F" etc.) and phenotypic diversity among the parents further suggests that the genes controlling amylose content are either linked tightly in coupling phase or have markedly unequal effects.
The amylose content is also observed to be highly affected by genotype X micro-environmental interactions like any other metric trait (see Tables 5 and 7) .
(ii) Type of epistasis Mather (1967) In theory, the same relationships also hold for the trisomic model. For example, the 9:7 ratio of complementary epistasis is obtained when da = dh = 3/2ha1 = 3/4ha2 = 3/2hbl = 3/4hb2 = tab = 3/2Iabl = 3/ 41ab2 = 3/2Jbal = 3/41ha2 = /41a1b1 = /81a1b2 = 9/8'a2bl 9/'61a2h2 and this ratio is modified to 15:1 when all the epistatic components take a negative sign (see Pooni et at., 1992 Mather & Jinks, 1982) In the present case it is possible to calculate two dominance ratios and they are JH1/D and JH2/D respectively. The interpretation of these ratios however, is not as straightforward as that of because their expected values for complete dominance are not unity but 2/3 and 4/3 (these ratios change to 4/3 and 2/3 when dominance is negative). However, simple modifications of the above ratios to JH1/0.4444D and jH2/1.7777D, respectively, not only allow a standard interpretation of the dominance components of the new model but also facilitate an examination of the extent of dosage compensation that can be achieved by substituting the recessive alleles by one, two or three dominant alleles at various loci.
In the present case, it is not possible, however, to estimate the dominance ratio by the above methods because neither are independent estimates of H1 and H2 available nor is the additive/dominance model adequate in any_cross. Nevertheless, ratios {( Transgression for high amylose in the first four crosses (see Table 10 ) confirms that dominance is high and epistasis has a marked effect on the phenotypic performance of the transgressive genotypes in these crosses. The combined rate of transgression (for high amylose) in these crosses is also significantly less than that in the remaining crosses (X1) is 4.36* for F2, 75 •5*** for B and 14.74*** for B2) suggesting that the alleles are indeed dispersed in the latter crosses.
(v) Practical implications
The present investigation has two important implications for rice breeding. The first concerns the inheritance of amylose content vis a vis its manipulation for breeding purposes. It is apparent that the genetic control of amylose content is indeed complex. Not only is it controlled by two or more genes showing epistasis but it is also highly influenced by cytoplasmic effects and the interaction between cytoplasm and nuclear genes. Consequently, amylose content will be better manipulated if it is treated as a quantitative trait and due consideration is given to the cytoplasmic effects when choosing the parental sources.
The second implication concerns the exploitation of heterosis for which there is currently an enormous interest (see Virmani et al., 1982) . The predominant characteristics of the non-additive variation revealed by the present study (e.g. partial to complete dominance ratio, partial-to over-dosage compensation and changing direction of dominance) suggest that F1
hybrids with desired levels of amylose can be produced without much difficulty. This implies that cooking quality will not be an impediment to hybrid breeding and that other agronomic traits will determine the commercial worth of the hybrid varieties.
